Proton magnetic resonance spectroscopy (MRS) and single photon emission computed tomography (SPECT) were used to evaluate chronic ischemic regions in 26 stroke patients before and 1, 3, and 6 months after revascularization surgery. The volume of interest for proton MRS was placed in an area including part of the frontal and temporal opercula, insular cortex, and basal ganglia. Twenty healthy volunteers served as controls for proton MRS. Patients were divided into three groups according to the preoperative proton MRS. Group A (n = 12) had significantly lower N-acetylaspartate/choline (NAA/Cho) and N-acetylaspartate/creatine (NAA/Cr) ratios on the operative side compared to those on the contralateral side, and also lower than those in normal subjects. In seven patients in Group A, postoperative serial proton MRS demonstrated no recovery of these ratios on the operative side. However, proton MRS of the other five patients indicated gradual improvement in these ratios on the operative side at 3 to 6 months after surgery, and SPECT indicated an increase in cerebral blood flow on the operative side in four of these five patients. In Group B (n = 9), proton MRS and SPECT showed no laterality before revascularization and no remarkable change during the postoperative course. In Group C (n = 5), NAA/Cho or NAA/Cr decreased on the contralateral side preopera tively. Two patients showed fluctuating values of NAA/Cho or NAA/Cr during the postoperative period. Serial proton MRS and SPECT studies may be useful for the evaluation of revasculariza tion surgery on ischemic regions. The efficacy of revascularization surgery on the metabolism may ap pear gradually within 3-6 months.
Introduction
Revascularization surgery is normally performed to treat occlusive disease of the main cerebral artery. Carotid endarterectomy (CEA) is performed in patients with carotid stenosisl') to remove atheroma plaque as a source of microembolism and improve the hemodynamics of cerebral blood flow (CBF) by removal of the obstructing materials.") Extracranial intracranial (EC-IC) bypass is carried out to reestab lish CBF.14) Evaluation of the effect of revasculariza tion surgery such as CEA and EC-IC bypass really requires estimation of the changes in both hemodynamic and metabolic characteristics.
Single photon emission computed tomography (SPECT) is a useful method for evaluation of hemodynamics' and is readily available in many med ical institutes and centers. However, positron emis sion tomography is needed to evaluate the metabolism of cerebral lesions in patients who have undergone revascularization surgery, and this equip ment is expensive and used in very few centers in Japan. Proton magnetic resonance spectroscopy (MRS) can be performed using magnetic resonance (MR) imaging systems, of which there are more than 2000 in Japan now.
Several proton MRS studies have demonstrated reduced levels of N-acetylaspartate (NAA) as well as increased levels of lactate in areas of cerebral infarc tion. 2-'°9-",18) NAA is considered to be a neuron specific amino acid. A reduced NAA level in an in farction area usually never recovers to normal." However, serial proton MRS changes have been demonstrated areas where MR imaging has shown no ischemic change.',") No proton MRS study has inves tigated patients with cerebral infarction before and after revascularization surgery. This study compared the results of proton MRS with SPECT before and after revascularization sur gery in patients with cerebral infarction. 
Subjects and Methods
Twenty-six patients with occlusive main cerebral ves sels were examined before and after revasculariza tion surgery. The patients were aged from 25 to 75 (mean ± SD 61.0 ± 10.5) years. All patients were ex amined with proton MRS and SPECT in the chronic stage (> 3 months). Twenty normal subjects, eight males and 12 females aged from 4 to 59 years old (mean ± SD 34.6 ± 13.6 years), were also examined. Informed consent for this study was obtained in all cases.
Angiographic studies were performed in all patients. Revascularization surgery involved CEA for cervical carotid stenosis in 14 patients, superficial temporal artery-middle cerebral artery (MCA) by pass (EC-IC bypass) for eight patients with internal carotid artery (ICA) or MCA occlusion or stenosis, CEA with ipsilateral EC-IC bypass for ICA stenosis in one patient, bilateral CEA for bilateral ICA stenoses in one patient, and bilateral EC-IC bypass or encepharo-duro-arterio-synangiosis (EDAS) for two patients with moyamoya disease.
Proton MRS used a whole-body MR scanner oper ating at 1.5 T (63.6 MHz) (Magnetom H-15; Siemens, Erlangen, Germany). The standard circu larly polarized head coil was used for both imaging and spectroscopy. Axial images of the brain were performed with a spin-echo sequence (repetition time 300 msec, echo time 15 msec). The volume of interest (VOI) was included a part of the frontal and temporal opercula, insular cortex, and basal ganglia where MR imaging had shown no large in farction (Fig. 1) . The size of the VOI was 15.6 ml (2.5 x 2.5 x 2.5 cm'). At subsequent examinations the VOI was carefully placed in the same location as before, using the MR images as guides. Water suppressed proton MRS was performed using a point-resolved spectroscopy sequence. Local shim ming of the magnetic field was performed by opti NAA, total creatine (Cr), and choline (Cho). To evaluate the best ratio as a marker for metabolic change in ischemic lesions, NAA to Cho (NAA/ Cho) and NAA to Cr (NAA/Cr) were calculated. The calculated metabolite ratios in the patients were compared with the values obtained from the same region in normal subjects. The CBF was measured with a gamma camera (GCA 700; Toshiba, Tokyo) using 740 MBq tech netium-99m-labeled d,l-hexamethylpropyleneamine oxime ('Tc-HMPAO) injected intravenously as a flow tracer. The Patlak plot method was used for esti mation of the absolute regional CBF.13,") The CBF measurement was performed in a hemisphere and the area of the VOI at almost the same time as MRS ex amination. 
Results
Proton MRS in normal subjects (n = 20) showed that the NAA/Cho was 1.60 ± 0.25 and NAA/Cr was 2.12 ± 0.22. The levels of NAA/Cho and NAA/Cr decreased with age, but these changes were not significant (Fig. 2) . Table 1 summarizes the clinical characteristics of the patients. Values are mean ± SD (ml/100 g/min). *p < 0.05, **p < 0.01 vs. contralateral side by paired t-test.
The patients were divided into three groups accord ing to the results of the preoperative proton MRS: significantly lower NAA/Cho and NAA/Cr in com parison with the contralateral side (Group A, n = 12), similar NAA/Cho and NAA/Cr on both sides (Group B, n = 9), and higher NAA/Cho and NAA/ Cr in comparison with the contralateral side (Group C, n = 5). The mean ± SD of NAA/Cho and NAA/Cr in the pre and postoperative proton MRS are shown in Table 2 .
In Group A, preoperative NAA/Cho and NAA/ Cr on the operative side were lower than those of the normal volunteers.
The CBF in the operative hemisphere and in the area of the VOI placed on the operative side was significantly lower than that on the contralateral side (Table 3) . Serial proton MRS demonstrated no increase of NAA/Cho or NAA/Cr on the operative side until 6 months after revasculari zation associated with no increase of CBF in seven patients. However, proton MRS showed a gradual in crease of both NAA/Cho and NAA/Cr on the opera tive side at 3 to 6 months after surgery in five patients (Fig. 3) , and SPECT indicated an increase of CBF on the operative side in four of these five patients (Table  4) .
In Group B, only one patient initially demonstrat ed laterality in SPECT (Tables 1 and 3 ). During the postoperative course, another patient showed a decline in NAA/Cho and NAA/Cr associated with decreased CBF. He underwent EC-IC bypass after CBF measurement at 6 months after ipsilateral CEA. The other eight patients showed no change in NAA/ Cho, NAA/Cr, or CBF (Tables 1-3) .
In Group C, two patients showed changes in NAA/Cho and NAA/Cr with no change in CBF, and one patient showed increased CBF without in (Table 1) . Values are mean ± SD (ml/100 g/min).
Illustrative case: A 61-year-old female (Case 3) presented with severe stenosis of the left ICA at the entrance of the intracranial portion (C2). Preopera tive NAA/Cho (1.00) and NAA/Cr (1.03) on the operative side (left) were lower compared to those of normal volunteers and those on the contralateral side (1.05 and 1.58) (Fig. 4) . Preoperative SPECT with 99mTc -HMPAO indicated reduced CBF in left fron totemporal lobe (Fig. 5 upper row) and SPECT with acetazolamide injection also demonstrated deteriorat ed reactivity in the left frontotemporal lobe. After left EC-IC bypass, NAA/Cho and NAA/Cr gradual ly recovered (Fig. 4) , and SPECT showed increased CBF in the left frontotemporal lobe (Fig. 5 lower  row) .
Discussion
The VOI included the frontal and temporal opercu la, insular cortex, and basal ganglia because the regional CBF in this area is influenced by the flow of the MCA, so any hemodynamic effect resulting from EC-IC or CEA may manifest in this area, measure ment of proton MRS in this area is stable and not influenced by fat and lipid in the skull base or skull, Proton MRS has shown that the level of lactate increase with time in the acute stage of cerebral in farction...,..)
The present study was performed in chronic stage patients, so no lactate was seen in the VOI. We considered that the levels of NAA, Cho, and Cr had become stable at the preoperative proton MRS examination.
NAA, discovered by Tallan in 1956,19) is found in higher concentrations in gray matter than in white matter, and rapidly disappears when the neurotoxin kainic acid is injected into neurons. Therefore, NAA is considered to be a neuronal marker. 16) The Cho sig nal from phosphoryl and glycerophosphoryl-cho line is considered to be an indicator of membrane syn thesis and degeneration.
An increased Cho signal may reflect the active membrane metabolism associ ated with brain tumors and demyelination in multi ple sclerosis. 16) However, the implication of the Cho signal in cerebral infarction remains controversial.16) Kamada et al. 12) considered that the Cho signal could not be used as an indicator for ischemic brain edema. Creatine kinase, which is mainly present in neurons and muscles, converts creatine to creatine phosphate (PCr) although this process is easily reversed under certain conditions. 16) The physiological meaning of the Cr (creatine and PCr) peak in proton MRS is still obscure.
The ratios of these metabolites could be used as a marker of metabolic change in the ischemic area. Decreased NAA/Cr ratio is considered to indicate neuronal loss in the area of cerebral infarction...,..) Creatine may be used as an internal reference be cause the intensity of the Cr peak is relatively stable in various diseases. Gideon et al.6) reported that the NAA/Cho ratio was reduced almost in parallel to the calculated NAA concentrations, whereas NAA/ Cr was less sensitive as a marker of NAA loss. Kamada et al." ) demonstrated that the NAA/Cr ratio decreased in patients with acute edema due to brain tumor, but normalized with resolution after treatment. The T2 relaxation times of NAA became shorter without significant changes in the T1 val ues. 12) Frahm et al.') claimed that longer T2 values for metabolites may reflect high mobility. There fore, the shorter T2 value may reflect lower mobility of neuronal NAA in the edematous brain. 12) How ever, Gideon et al.6) found that proton spectra ob tained with the same pulse sequence from brain in farction and normal brain tissue were approximate ly directly comparable with respect to relative signal intensities.
Our results demonstrated postoperative improve ment of NAA/Cho and NAA/Cr in five of 12 patients in Group A, which occurred between 3 and 6 months postoperatively. Four of those five patients showed an increase in CBF 6 months after revas cularization.
The other seven patients in Group A with no recovery on the operative side also showed no increase in CBF on the operative side. The Group B patients showed no laterality before surgery and no change in NAA/Cho or NAA/Cr associated with absence of CBF changes during postoperative course. These results suggest that NAA/Cho and NAA/Cr could be used as a marker of metabolic change in an ischemic area without changes in MR images. Proton MRS and SPECT showed contradic tory results in Group C. Even in the three patients with preoperative laterality, the decrease pattern in CBF was not homogeneous, so there was heterogene ous reduction of metabolism in the VOI. We must analyze more cases like Group C.
The values of NAA, Cho, and Cr concentrations have not been measured quantitatively.
Such quan tification of the absolute values of NAA, Cho, and Cr is necessary to know if NAA undergoes recovery in neurons.') Noninvasive evaluation with sequential proton MRS and SPECT can provide better evalua tion of recovery in ischemic cerebral regions of patients who have undergone revascularization sur gery.
